The electron transfer system catalysing reduction of fumarate by NADH under anaerobic conditions in membrane preparations of Bacteroides rurninicola strain ~~4 was inhibited by 2-n-heptyl-4-hydroxyquinoline N-oxide. Reduction of b-type cytochrome by NADH under anaerobic conditions was much slower than reduction of fumarate by NADH, and was more sensitive to 2-n-heptyl-4-hydroxyquinoline N-oxide inhibition. Thus b-type cytochrome is probably not an intermediate in the reduction of fumarate by NADH under the in vitro assay conditions used. Extraction of quinone from the membrane and subsequent reincorporation showed that menaquinone (vitamin K,) is an obligatory intermediate in the reduction of both fumarate and b-type cytochrome by NADH, which is consistent with the 2-n-heptyl-4-hydroxyquinoline N-oxide inhibition results. A tentative scheme for electron transport in B. ruminicola is presented.
The electron transfer system catalysing reduction of fumarate by NADH under anaerobic conditions in membrane preparations of Bacteroides rurninicola strain ~~4 was inhibited by 2-n-heptyl-4-hydroxyquinoline N-oxide. Reduction of b-type cytochrome by NADH under anaerobic conditions was much slower than reduction of fumarate by NADH, and was more sensitive to 2-n-heptyl-4-hydroxyquinoline N-oxide inhibition. Thus b-type cytochrome is probably not an intermediate in the reduction of fumarate by NADH under the in vitro assay conditions used. Extraction of quinone from the membrane and subsequent reincorporation showed that menaquinone (vitamin K,) is an obligatory intermediate in the reduction of both fumarate and b-type cytochrome by NADH, which is consistent with the 2-n-heptyl-4-hydroxyquinoline N-oxide inhibition results. A tentative scheme for electron transport in B. ruminicola is presented.
I N T R O D U C T I O N
The strict anaerobe Bacteroides rurninicola is one of the more numerous fermenters of carbohydrate in the rumen (Bryant et al., 1958) where it successfully flourishes in competition with many other organisms. Growth on glucose in vitro gives a high molar growth yield of 66 g dry wt per mol glucose (Howlett et al., 1976) , suggesting either that the ATP molar growth yield is much greater than the normal value of about 10.5 g dry wt per mol ATP, or that anaerobic electron transport is coupled to phosphorylation, or that both these possibilities occur. Indeed B. rurninicola contains b-type cytochrome and flavoprotein(s) which it has been suggested are involved in fumarate reduction by donor substrates (White, Bryant & Caldwell, I 962) .
Many of the above properties have also been observed in a number of other anaerobes producing succinate or propionate [see Macy, Probst & Gottschalk (1975) for a summary], so the question of whether anaerobic electron transport phosphorylation occurs in B. ruminicola has a broad significance. We have studied the electron transfer chain of B. rurninicola to gain a better understanding of the postulated role of b-type cytochrome and the possible participation of quinone in the membrane-associated reduction of fumarate by NADH in this organism. In accordance with the majority of recent studies, we used membrane preparations rather than the intact bacteria used by White et al. (1962) 
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METHODS
Bacteria. Bacteroides ruminicola, strain ~~4 , was maintained and grown in 5 1 batches as previously described (Howlett et al., 1976) with 0.2 % (w/v) glucose as energy source.
Bacteria were harvested at full growth by centrifuging for 20 min at 5000 g. Preparation of membrane particles. Membranes were prepared by a method based on that of Broberg & Smith (1967) with the oxygen tension kept as low as possible throughout. A solution (20 ml) containing 0.5 M-sucrose, 0.02 M-M~CI, and 0.01 M-phosphate buffer pH 7.0 was deoxygenated by evacuation followed by gassing with N,, and then 5 g wet wt bacteria and 3 mg lysozyme (Sigma, grade I) were added. This suspension was incubated at 25 "C under N, until the cells became sphaeroplasts. The sphaeroplasts were separated by centrifuging at goo0 g for 15 min, and then suspended in 50 ml deoxygenated 0.01 Mphosphate buffer pH 7.0, containing 40 pg DNAase (Worthington Biochemical Corp.). The suspension was stirred under N2 and when go % of the sphaeroplasts had lysed it was centrifuged at 33000 g for 30 min. The membrane particles, which formed a white fluffy layer on top of the cell wall pellet, were suspended in an appropriate volume of 50 mM-Tris/HCl buffer, pH 7.0, degassed under N2, and either used immediately or quickly frozen in solid CO,/ethanol and stored at -5 "C. Alternatively, when the membrane particles were to be used in quinone-depletion studies, they were suspended in 0-1 5 M-KCl, freeze-dried by lyophilization for 12 h and stored in vacuum over P205.
Protein measurement. Protein was determined by the biuret method (Gornall, Bardawill & David, 1949) using 0.15 ml of 1.5 % (w/v) sodium deoxycholate per 3 ml final volume to solubilize the membrane protein. Bovine serum albumin (fraction V) was used as the standard. Solvent extraction of membrane particles. Two methods were used. During studies to identify and quantify quinone, membranes were shaken with methanol/acetone and extracted with light petroleum (b.p. 40 to 60 "C) as described by Kroger & Dadak (1969) . For enzyme studies on the effects of removing and subsequently reincorporating quinone, the method of Kroger et al. (I 97 I) was used, involving extraction of lyophilized membrane particles six times with n-pentane.
Reincorporation of vitamin K into depleted particles. One pmol of vitamin K1, or of quinone extracted from B. ruminicola membranes, was dissolved in 1-5 ml pentane, homogenized with approximately 20 mg of pentane-extracted particles at o "C and shaken for 30 min. The 'reincorporated' particles were centrifuged at 2000 g for 2 min at o "C, the pentane supernatant fluid was discarded and the particles were washed gently with a minimum volume of pentane to remove excess quinone. The pentane was decanted and the particles were suspended in 0.25 M-sucrose (Ernster et al., 1969) . ' Reincorporated' particles were used immediately for assays.
Spectrophotometric measurement of quinone content. This was carried out using a dualbeam Cary I ISC spectrophotometer. To the sample cuvette were added 3 ml of quinone extract in ethanol, 50 pl NaBH, solution (5 mg ml-l) and 20 pl 0.4 M-sodium acetate pH 5-4. Quinone and buffer only were added to the control cuvette. A difference spectrum was recorded between 300 and 230 nm. The concentration of menaquinone was calculated from the molar difference extinction coefficient at 265 nm minus 289 nm (Ered-EO&5 nm -( E r e d -E o J 2 8 9 n m = 14.7 mM-l cm-1 (Kroger & Dadak, 1969) . Meusurements on b-type cytochrome. All measurements were carried out at 25 "C in an incubation medium containing about 2 mg membrane protein and reagent A (100 pmol TrislHCl buffer, pH 7-5, containing 10 pmol MgCQ in 3 ml final volume. For measurements Electron transport in B. ruminicola 311 of 6-type cytochrome concentrations, a few crystals of sodium dithionite were added to the experimental cuvette and 5 pmol sodium fumarate to the reference cuvette. A difference spectrum was recorded and the absorbance difference at 561 nm minus 572 nm was measured. Cytochrome b, has a difference extinction coefficient (Ered -E0x)55,.5 nm - The redox state of b-type cytochrome during anaerobic electron transport was determined from the absorbance difference at 561 nm minus 572 nm in I cm light-path cuvettes, measured using a dual wavelength attachment on the spectrophotometer. The cuvettes, sealed with serum stoppers, were evacuated and then refilled with 0,-free N, (N, scrubbed free from 0, by passage over hot copper) at least five times before anaerobic addition of the final reagents to initiate the reaction. The incubation mixtures contained about 2 mg membrane protein and reagent A in 3 ml final volume. N A DH: fumarate oxidoreductase activity. Assays were carried out anaerobically in cuvettes sealed with serum stoppers. Two serum-stoppered reagent bottles containing fumarate and membrane particles respectively and two serum-stoppered cuvettes, containing reagent A and, in the experimental cuvette only, 0.64 pmol NADH, were evacuated and refilled at least five times with 0,-free N2. Membrane particles (0.5 to 1-0 mg protein) were injected anaerobically into each cuvette, and NADH oxidation was monitored at 340 nm.
NADH oxidase activity was negligible under these conditions. The reaction was then started by injecting fumarate anaerobically into both cuvettes, to give 3.0 ml final volume.
Inhibitors, when added, were degassed and injected anaerobically at least 5 min before addition of fumarate. Assays were carried out at 25 "C.
RESULTS
NA DH: fumarate oxidoreductase activity In six separate experiments NADH : fumarate oxidoreductase activity in B. ruminicola membranes was 15 to 17 pmol NADH min-l (g protein)-, under the assay conditions used. The activity was inhibited by 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO), 2-5 x 104 nmol HQNO (g protein)-l (i.e. 6.5 PM-HQNO) giving 50 % inhibition (Fig. I) . Rotenone, at between 0.1 and 5 p~, and antimycin A, at between 0.1 and 10 p~, did not inhibit NADH : fumarate oxidoreductase activity in membranes, in agreement with the experiments of White et al. (1962) using whole bacteria.
Quinone content of membranes
The inhibition by HQNO suggested that a quinone:may be involved in the NADH : fumarate oxidoreductase reaction (cf. Cox et al., 1970) . Accordingly membranes were lyophilized and extracted with methanol/acetone, and a reduced-versus-oxidized difference spectrum of the extract was recorded (Fig. 2) Results are shown for two separate experiments in which the membrane particle concentrations were (0) 0.25 mg protein ml-l, and (0) 0.27 mg protein ml-I. Fig. 2 . Difference spectrum of quinone extracted from membrane particles. Quinone was extracted from 17-5 mg membrane protein and dissolved in 10 ml ethanol. Samples (3 ml) were added to two I cm light-path cuvettes; one sample was reduced with NaBH,, the other was left oxidized. (265 nm minus 289 nm) of 14.7 mM-l cm-? When the menaquinone extracted from 17.5 mg membrane protein was analysed (Fig. 2) , the absorbance difference at 265 nm minus 289 nm corresponded to 2-06 pmol menaquinone (g protein)-l in the membrane preparation. When broken sphaeroplasts were centrifuged at 50000 g for I h, the menaquinone content of the supernatant fluid was 0.15 pmol (g protein)-l, showing that most (if not all) of the menaquinone was associated with the membrane.
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Role of quinone in NADH: fumarate oxidoreductase When the membrane preparation was depleted of menaquinone by lyophilization followed by extraction with n-pentane, more than go % of the NADH : fumarate oxidoreductase activity was lost in parallel with the loss of menaquinone (Table I) were therefore carried out in which either menaquinone or vitamin K, was reincorporated into quinone-depleted membranes. When n-pentane extract from B. ruminicola or commercial vitamin K, was added to quinone-depleted membranes, 80 % and 60 %, respectively, of the original NADH : fumarate oxidoreductase activity was restored, strongly suggesting that menaquinone is required for activity.
Membrane-bound b-type cytochrome The presence of b-type cytochrome has previously been shown in whole bacteria (White et al., I 962). From the difference spectrum between dithionite-reduced and fumarateoxidized membrane preparations (Fig. 3) , the concentration of b-type cytochrome in membranes was approximately 0.4 pmol (g membrane protein)-l, assuming a difference extinction coefficient (557-5 nm minus 575 nm) for cytochrome b, of 17.5 mM-l cm-1 (Deeb & Hager, 1964) . In contrast, the concentration of b-type cytochrome in the supernatant fluid after centrifuging broken sphaeroplasts for I h at 50000 g, was 0.031 pmol (g protein)-l showing that the cytochrome was mainly present in the membrane fraction.
A difference spectrum between dithionite-reduced membrane preparations with and without carbon monoxide showed no peak at 416 nm (data not shown), suggesting that no o-type cytochrome (Broberg & Smith, 1967) having an affinity for carbon monoxide is present in strain ~~4 . White et al. (1962) reported a carbon monoxide difference spectrum similar to that of cytochrome o in cells of B. rurninicola strain GA33 under strongly reduced conditions. This discrepancy is probably due to the difference in bacterial strains used. Role of quinone in reduction of b-type cytochrome by NADH The b-type cytochrome of a lyophilized suspension of membrane particles was reduced by NADH at a rate of 0.175 pmol b-type cytochrome min-l (g protein)-l (Fig. 4a) . When the lyophilized membrane particles were extracted with n-pentane to remove the quinone, the b-type cytochrome was reduced at less than 3 % of the rate in unextracted particles (Fig. 4 c) . However, reincorporation of menaquinone into the depleted particles restored the electron transport capability between NADH and b-type cytochrome to 60 % of the rate attained with unextracted particles (Fig. 4 b) . In another experiment (results not shown), reincorporation of vitamin K1 into depleted particles restored 40 % of the rate attained with unextracted particles. These results suggest that the menaquinone is an intermediate in the process.
Effect of oxygen and HQNO on b-type cytochrome reduction The results for b-type cytochrome reduction by NADH under aerobic and anaerobic conditions suggest that, under aerobic conditions in vitro, oxygen can be a terminal electron acceptor for the cytochrome. To confirm this, and at the same time investigate the site of HQNO inhibition, the steady-state reduction of b-type cytochrome by NADH was Electron transport in B. rurninicola 315 studied aerobically and anaerobically in the presence of different concentrations of HQNO (Fig. 5) . Under both conditions the fraction of b-type cytochrome in the reduced form decreased as more HQNO was added, indicating that the site of HQNO inhibition was between NADH and the b-type cytochrome. The steady-state oxidation was greater under aerobic conditions than under anaerobic conditions, as would be expected if oxygen could act (under in vitro conditions) as terminal electron acceptor.
Rate of b-type cytochrorne reduction by NADH This was measured anaerobically in a typical preparation of unlyophilized membrane particles, using experimental conditions similar to those in Fig. 4a . In the absence of HQNO, the rate of b-type cytochrome reduction was 0-2opmol min-l (g protein)-1 [NADH : fumarate oxidoreductase activity in the same preparation was 15.5 pmol min-l Fig. I (in which the rate was 15 % and 65 % inhibited by these inhibitor to protein ratios) indicates that electron transfer from NADH to b-type cytochrome is more sensitive to HQNO than electron transport from NADH to fumarate; this difference would appear even greater if HQNO had been expressed as concentration rather than as pmol HQNO (g protein)-l.
In all three experiments above, anaerobic addition of fumarate to the particles, once b-type cytochrome reduction had reached a plateau, caused complete re-oxidation of the b-type cytochrome at a rate that was too fast to measure accurately.
DISCUSSION
The inhibitory effects of HQNO and the extraction experiments suggest that menaquinone is an intermediate carrier of reducing equivalents in the NADH : fumarate oxidoreductase reaction. The extraction of quinone from the membranes abolished not only NADH : fumarate oxidoreductase, but also the reduction of b-type cytochrome by NADH; and readdition of either extracted quinone or vitamin K, restored these reactions to 40 % or more of the original rate indicating that quinone is an intermediate in both. The involvement of menaquinone in electron transfer reactions is not unexpected since many Bacteroides species require added vitamin K for growth.
When b-type cytochrome is present in a succinate-or propionate-producing anaerobe, there is some doubt as to whether it is always an intermediate in the reduction of fumarate by NADH (Schwartz & Sporkenbach, 1975) . Our data indicate that the reaction between NADH and oxidized b-type cytochrome is much slower than that between reduced cytochrome and fumarate. Consequently, in the reactions in which b-type cytochrome and fumarate are reduced by NADH, if the former were rate-limiting in the latter, one might expect the two reactions to have similar sensitivities to HQNO and to have similar overall rates. However, in the membrane preparation, HQNO inhibited b-type cytochrome reduction much more than fumarate reduction and the latter was 80 times faster. Thus it is difficult to include b-type cytochrome on the main electron transfer pathway between NADH and fumarate in the membrane preparation used, although as reduced b-type cytochrome is rapidly oxidized by fumarate, it is difficult to reconcile cytochrome having only a minor role in fumarate reduction. One possibility to be considered is that the reducing equivalents from, for example, pyruvate decarboxylation to acetate plus carbon dioxide or from formate oxidation, could pass through the cytochrome but the (--) , minor pathway (---), theoretical pathway yet to be investigated (** --).
reducing equivalents from NADH may not. There are no published studies on pyruvate catabolism in Bacteroides, but in E. coli pyruvate and formate are important physiological electron donors to cytochrome bl (see Deeb & Hager, 1964 , for a summary). Another possibility which cannot be excluded is that during the preparation of membranes, the structure has been damaged in a manner such that b-type cytochrome is no longer on the main pathway. Chance (1952) found that such a phenomenon occurred during preparation of non-phosphorylating mitochondria1 preparations.
In other Bacteroides species the need to include b-type cytochrome on the pathway of fumarate reduction is not clear. Bacteroides amylophilus lacks b-type cytochrome (Reddy & Bryant, 1967) , though growth yields are high and succinate is a major fermentation product (Hobson & Summers, 1967) . Macy et al. (1975) showed that B. fragilis changes from SUCcinate to fumarate production in the absence of added haem, which gives rise to b-type cytochrome, and that NADH : fumarate oxidoreductase activity occurs in extracts from bacteria grown in the presence of haem but not in its absence. These results were interpreted as showing that 6-type cytochrome is an intermediate in fumarate reduction by NADH. The role of b-type cytochrome in Propionibacterium species is also unclear. De Vries et al. (1973) have claimed that cytochrome b is in the direct sequence of reactions leading to fumarate reduction. However, Schwartz & Sporkenbach (I 975) have presented evidence that cytochrome b is a carrier in the pathway from NADH to oxygen but not fumarate.
From the available evidence, a tentative scheme for electron transport in B. ruminicola membranes is proposed (Fig. 6) . Evidence for the role of flavoprotein is based on the observations of White et al. (1962) on whole bacteria and our own unpublished observations on membranes, that NADH reduces flavin and fumarate oxidizes flavin. The position of menaquinone and b-type cytochrome is based on the results in this paper. The pathway(s) from other electron donors, e.g. pyruvate, to fumarate remain to be investigated. 
